The effect of the inoculation of a microalgae-bacteria system on the removal of nutrients and organic matter using municipal, piggery and digestate wastewaters was evaluated. Three conditions for each substrate were evaluated: (1) inoculation with activated sludge and illumination, (2) inoculation with activated sludge without illumination, and (3) inoculation with activated sludge plus a native microalgae consortium under illumination. The illuminated reactors that were inoculated only with activated sludge developed microalgae after 12 operation days. In these reactors, the formation of flocs was observed affecting the sedimentation of the biomass positively. The removal of chemical oxygen demand, ammonium and phosphorous reached 84%, 65% and 77%, respectively.
INTRODUCTION
In Mexico, approximately 230 m 3 /s of wastewater are generated in urban centers, and from those wastewaters only 35% of the organic matter is removed. Moreover, 30% of the plants installed in the country are operated by activated sludge systems, and 31% of them utilize stabilization ponds (CONAGUA ), which provides a great opportunity to propose new and low-cost treatment systems. Aeration is an energy-intensive process, accounting for 45-75% of the total plant energy costs in activated sludge processes (Rosso et al. ) . Microalgae-bacterial systems are gaining popularity for wastewater treatment due to their ability to remove organic matter and nutrients (Oswald et al. ; Bahr et al. ; Pires et al. ) . Microalgal photosynthesis produces the O 2 required by heterotrophic bacteria to oxidize organic matter, and the bacteria produce the CO 2 required by the microalgae to perform photosynthesis. Contrasting conventional aerobic treatment systems, the biochemical oxygen demand (removed by photosynthetic oxygenation requires no energy inputs and produces enough algal biomass to generate methane, which can produce electric power.
With sufficient nutrients and a light source, microalgae can grow on a variety of substrates. The growth of microalgae cultures in wastewater systems has been reported (Park et al. ) ; however, interest in the use of microalgaebacterial systems for domestic and industrial wastewaters has been increasing because of the improvement in the settling characteristics (Godos et al. ; Su et al. ) . Several studies have used digestate for microalgae cultivation (Zhu et al. ; Xu et al. ) . Researchers have observed that microalgal growth is affected by the presence of organic matter and nutrients in anaerobic effluent, as well as the presence of other heterotrophic microorganisms (Muñoz & Guieysse ; Uggetti et al. ) .
The objective of the present work was to evaluate the removal of nutrients and organic matter from a microalgae-bacterial system using three different substrates: municipal, piggery and digestate wastewaters. The inoculation effect on the reactor performance was also evaluated by using both microalgae-bacteria and activated sludge only. The productivity and lipid accumulation were evaluated in the biomass of each system.
METHODOLOGY Microalgae and bacteria inoculum
The microalgae inoculum was obtained from a mixed consortium cultivated in the laboratory, which was first collected from a lake near the UNAM Juriquilla campus at Queretaro City and cultivated in a batch reactor using Bold's basal medium (Cea-Barcia et al. ). The inoculum samples contained a mixture of green algae, which was identified by cell morphology using a microscope (Prescott ) . Prominent genera included Scenedesmus, Desmodesmus, Monoraphidium and Chlorella (Cea-Barcia et al. ). The inoculum was grown in Bold's basal medium, containing 833 mg/L volatile suspended solids (VSS). The bacteria inoculum was obtained from the aeration tank of a municipal wastewater (MWW) treatment plant near the campus and contained 2740 mg VSS/L.
Wastewater
Three types of wastewater were studied: MWW, piggery wastewater (PWW) and digestate from an anaerobic thermophilic reactor (ADE). The MWW was collected from a wastewater treatment plant located in Santa Rosa Jauregui, Queretaro, Mexico. The sampling point was chosen after preliminary treatment (coarse and fine screening and primary sedimentation). The MWW was stored in a cold room at 4 W C. The MWW was collected every 10 days. The PWW was collected from a farm with a capacity of 6,000 pigs and was sieved with a 200 μm steel sieve. The ADE was collected from the effluent of a thermophilic anaerobic digester (53 W C) that treated the excess sludge of an activated sludge MWW treatment in Queretaro City. In a previous study (data not shown), a treatability test was performed using PWW and ADE with 500, 1,000 and 2,000 mg/L chemical oxygen demand (COD). No significant growth of microalgae was observed with 2,000 mg COD/L; however, biomass production was higher with 1,000 mg COD/L (121 mg VSS/(L·d)) than 500 mg COD/L (52 mg VSS/ (L·d)). Therefore, the best results with respect to microalgal biomass production and nutrient removal were obtained with 1,000 mg COD/L and this concentration was used in the present study. The characteristics of the wastewaters are presented in Table 1 . The dilution factor for PWW and ADE was 1:49 and 1:29, respectively.
Experimental strategy
This study was conducted in three parallel systems using the real wastewaters that were previously described. Each treatment system consisted of a series of glass bioreactors with 0.9 L of useful volume ( Table 2 ). Three conditions for each substrate were evaluated: inoculation with activated sludge under illumination (B); inoculation with activated sludge plus a native microalgae consortium under illumination (M þ B); in the last system, the reactors were also inoculated with activated sludge but were covered with aluminum foil to prevent light illumination and microalgae growth (AS). The experimental array and the amount of biomass inoculated in each reactor are presented in Table 2 . The reactors were maintained at 25 W C. Constant mixing was provided using a magnetic stirring bar to avoid biomass sedimentation. To evaluate the system under controlled radiation conditions in the laboratory, four white LED lamps of 20 W were used to illuminate the reactors with 10 klx. Illuminance was measured (Extech LT300, luxometer) at the exterior surface of the glass (Figure 1 ), and photoperiods of 12 hours per day were applied. The experiments were conducted in batch mode. To determine the reaction time, the evolution of COD, VSS and N-NH þ 4 was followed in the illuminated reactors during the first 8 days. The AS systems were daily fed with a reaction time of 24 hours. After this first cycle, five more cycles were performed and the mean values were reported. At the end of each cycle, 100 mL samples from the reactors were collected for analysis. During all the experiments, the VSS was kept constant by removing the unnecessary amount from the reactors at the end of every cycle. The biomass in the AS systems presented good sedimentability (200-300 mL/L), contrary to the illuminated reactors. Therefore, in that latter case, centrifugation was necessary to separate the biomass from the clarified supernatant. A two-way analysis of variance (ANOVA) in a completely randomized design using a factorial array of 3 × 3 with five replicates, corresponding to the number of batch cycles, was used in the experiment. The multiple comparisons of both the principal factors and the interactions between factors were made by the Fisher least significant differences method under a significance level of 0.05 using Microsoft Excel.
Analytical procedure
The COD (micro-COD for a 0 to 1,500 mg/L range) and N-NH þ 4 were determined by following the 8000 Hach and 10031 Hach colorimetric methods. N-NO À 2 and N-NO À 3 were analyzed following the 10237 and 10206 Hach methods (diazotization method and dimethylphenol method). The VSS concentration was analyzed according to Standard Methods (APHA et al. ). For P-PO 3À 4 , the 10127 Hach colorimetric method was performed (molybdovanadate with acid persulfate digestion method). Dissolved oxygen (DO) and pH were measured in situ using DO and pH probes (YSI Incorporated 50B model and Oakton pH 510 Series). For the morphologic identification of microalgae, a Leica DM500 microscope with the image acquisition system (Leica ICC50 HD) was used, and the Prescott () morphological identification guide was followed. Nile red methodology was used to determine the lipids inside the microalgae cells qualitatively. A modification to the technique using a glycerol solution was introduced for a better penetration of the stain inside the cell, instead of the phosphate buffer solution as presented by Doan & Obbard () .
RESULTS AND DISCUSSION

Determination of the reaction time for the illuminated reactors
The COD, VSS and NH þ 4 concentrations were measured during the first 8 days to determine the reaction time of each cycle based on nitrogen and organic matter removal and the biomass produced. As shown in Figure 2 , the COD removal for the reactors with MWW and PWW that were first inoculated with microalgae reached a maximum removal after 3 and 5 days, respectively, and then decreased, indicating the liberation of organic matter. We expected the system to have the maximum COD removal; therefore, a reaction time of 4 days was selected. The removal time was confirmed, particularly because the highest ammonia removal was reached after 4 days (Figure 3 ). The dynamics of the biomass growth are shown in Figure 4 . As shown in Figure 4 , after the third day, the reactors that were inoculated with microalgae presented a peak and were stabilized until the last day. This behavior was not observed for the reactors that were inoculated only with activated sludge because, in the first cycle, a small quantity of microalgae was present, which was not enough to keep the system aerated. Therefore, the bacterial growth was limited. After the first cycle, the color in the reactors that were inoculated only with activated sludge changed to a pale green, and some diatoms and other microalgae genera developed. This was an indication that native microalgae develop if the conditions are adequate and a microalgaebacteria system can be developed ( Figure 5 ). Once the duration of the cycles was determined, the illuminated reactors were operated for five cycles of 96 hours (4 days), and the activated sludge systems were operated for five cycles of 24 hours. Figure 6 presents the average results for COD removal for five cycles, obtained after the first adaptation cycle. The reactors were operated as sequencing batch reactors with a cycle duration of 4 days, with the exception of the AS reactor, which had cycles that lasted 1 day. The highest COD removal values were observed for MWW and PWW. The anaerobic digestate presented the lower values of COD removal, which can be explained by the recalcitrance of the humic substances present in this effluent. Interestingly, the highest percentages were reached with the reactors that were illuminated and were not inoculated with microalgae: 74 ± 2.7%, 84 ± 2.1% and 69 ± 3.35% for MWW, PWW and ADE, respectively. Of particular interest is the use of different species of microalgae to start up a microalgae-bacteria system, which is found in most of the studies that investigate the treatment of wastewaters. For example, Su However, ANOVA analysis demonstrates that no significant differences were found between the two types of inoculation. That indicates that the few microalgae present in the substrates can grow easily and rapidly because they are able to adapt to that environment. After microalgae reached a significant concentration in the reactors, the DO increased from 0.7 ± 0.4 mg O 2 /L (measured immediately after feeding the reactors) to 18.3 ± 0.5 mg O 2 /L (for PWW and MWW). In operational terms, the systems have sufficient oxygen for effective heterotrophic bacterial oxidation of the organic matter (Tchobanoglous et al. ) . However, because the reaction time in algae-bacteria systems is four times that of the activated sludge systems, the area of the first must be much greater, which could be a limitation in areas where land is not available.
COD removal
P-PO 4 3À removal
The highest percentage of P-PO 3À 4 removal was obtained with the reactors under illumination, as shown in Figure 7 . The illuminated reactors for MWW and PWW presented high P removals (77 ± 4.3% and 76 ± 8.5%, respectively), independent of the presence of microalgae. The presence of microalgae was significant in the case of the ADE effluent. A higher removal was observed when the reactor was inoculated (68 ± 10%) than in the reactor without microalgae (30 ± 8.2%). P-PO 3À 4 removal achieved by the use of MWW in the AS system was low (6.3 ± 1.5%), but typical for activated sludge systems (Tchobanoglous et al. ) .
The lower values of phosphorous removal obtained for MWW can be explained by the low biomass productivity obtained with MWW because this effluent has a lower COD concentration than PWW or ADE (Table 1) .
There are two methods to remove phosphorus from wastewaters. One method is physical removal through precipitation at pH higher than 9, and the other method is accumulation by the biomass. In our experiments, the pH increased to as much as 8.5, indicating that not all the phosphorous removal could be attributed to physical removal. In this case, it is more likely that the removal was related to a biological process. Microalgae and bacteria use phosphorus to synthesize cellular constituents, and the amount of phosphorous used is related to their stoichiometry. Microalgae can take up much more phosphorus than what is necessary for survival when the external phosphorus concentration is limited. This extra phosphorus is stored as polyphosphate for use as an internal resource. However, despite having no limiting conditions, the storage of polyphosphate can be present (luxury uptake) and is typical of the normal metabolism of microorganisms (Eixler et al. ) . Powell () studied the luxury uptake of phosphorus by Scenedesmus sp. in waste stabilization ponds and found that this species of microalgae does indeed have extra phosphorus storage inside its cells as polyphosphate granules.
Other authors (Aslan & Kapdan ) state that the ideal N/P ratio for Scenedesmus sp. is approximately 30; lower ratios would constitute a phosphorus pool for microalgae and the cells would not over-accumulate phosphorus as they would when the ratio is approximately 30. In our case, PWW presented the highest N/P ratio (up to 22) and the use of this substrate represented the only case when all the reactors (with and without light) reached high removals (75-85%).
Nitrogen removal
There are three ways in which ammonium can be removed from the wastewaters: nitrification (conducted by nitrifying autotrophic bacteria), stripping (when the pH is higher than 9) and assimilation (conversion of ammonium to organic nitrogen inside cells). Figure 8 presents the average total nitrogen concentrations in the influent and the different nitrogen species in the effluent. The reactor performance improved with respect to the data presented in Figure 3 , which can be explained by the adaptation of the microorganisms after several operation cycles. Interestingly, some nitrification was occurring, as the concentration of nitrites and nitrates were present in the effluent. For the case of the effluents MWW and PWW, high nitrification was obtained for the aerated reactors without light (activated sludge).
Removal of total nitrogen was as high as 58 ± 12.0% for MWW-M þ B, as presented in Figure 9 . In general, higher ammonium removal was observed in the systems inoculated with microalgae indicating that, as the microalgae develop, the assimilation process is enhanced. This is also convenient because inorganic (soluble) nitrogen is converted to organic nitrogen (inside the biomass cells). Nitrogen removal of up to 50-60% N-NH þ 4 has been reported using diluted wastewaters with COD of 150 mg/L (Su et al. ) . The results found in this current study are similar to those obtained with a mixed culture of microalgae (Scenedesmus obliquus, Chlorella sorokiniana, Spirulina platensis, Euglena viridis) with activated sludge and PWW. Nitrogen removal varied from 21 to 39% (Godos et al. ). Figure 10 presents the biomass productivity obtained for each wastewater. The productivity of the biomass was the highest for the AS reactors (not illuminated), attaining 650 ± 34 mg/(L·d). This behavior is normal for activated sludge and sequencing batch reactor (SBR) systems and explains the reason for higher retention times for algae-bacteria systems. This implies that the area needed for algaebacteria systems will be four times higher than an activated sludge SBR reactor. On the other hand, the amount of sludge produced by the algae-bacteria systems would be four to six times lower, thus reducing the cost of treatment and final waste disposal. Finally, the algae-bacteria systems present a great advantage compared to an activated sludge system because, with the former, it is theoretically possible to produce higher amounts of biofuels, such as methane, due to the storage of lipids inside the cells (Amin ).
Biomass productivity
Considering the illuminated reactors, the highest productivities were reached by the reactors that were not inoculated with microalgae. As the COD was lower for MWW, no comparable results with respect to biomass growth can be obtained. PWW and ADE had similar initial concentrations of COD. Thus, productivities can be compared. At this point, the ADE system presented the lower productivity, indicating the possible presence of a toxic compound that limited efficient microalgal reproduction. The biomass productivity varied from 17 to 260 mg/ (L·d), depending on the substrate and the microalgae that were utilized ( 
Lipid accumulation and floc formations in the illuminated reactors
After the third cycle, the reactors that were inoculated only with activated sludge turned as green as the reactors that had been inoculated with microalgae. The micrographs ( Figure 11 ) indicate that the non-inoculated reactors developed microalgae species, such as diatoms, Chlorella, and filamentous microalgae. More importantly, microalgae-bacterial flocs (aggregates) were formed in the reactors that were illuminated and inoculated with activated sludge. In this case, the microalgae developed and attached naturally to the flocs (Figure 5(b) ). This was not the case for the reactors that were inoculated with microalgae, which remained in suspension in the liquid. The floc formation also positively affected the sedimentation of the biomass. After 1 hour of settling, the volume of the settled biomass for reactors PWW-B and MWW-B ranged from 200 to 300 mL/L; however, the reactors that were inoculated with microalgae did not settle at all.
At the end of the cycles, biomass samples were collected from each of the reactors that were illuminated. Microalgae were stained with Nile red to evaluate the presence of lipids inside the cells. For all the wastewaters, the presence of lipids was confirmed ( Figure 12 ). The clear (yellow in online version of paper) dots inside the cell represent the lipids, while the dark (red-orange) parts correspond to chlorophyll. The accumulation can also be explained by the N/P ratio obtained with the PWW. At higher N/P ratios, lower concentrations of phosphorus are present in the medium, and consequently the microalgae accumulate (Xin et al. ) .
This laboratory-scale study provided valuable information for large-scale application in countries with sufficient sunlight intensity. The versatility of the microalgae-bacteria systems and their ability to eliminate pollutants from different types of wastewaters without spending energy for aeration were demonstrated. In a system operated for long periods, the biomass can be adapted, which can improve the removal efficiencies respect to those obtained in this study.
CONCLUSIONS
This study assessed the ability of a microalgae-bacteria system to remove carbon, nitrogen and phosphorous using piggery and municipal wastewaters, as well as the digestate from a thermophilic anaerobic reactor. The illuminated reactors inoculated only with activated sludge developed microalgae after 12 operation days. In such reactors, the formation of flocs was observed, which had positive effects on the sedimentation of the biomass; the COD, ammonium and phosphorous removal were as high as 84%, 65% and 77%, respectively. This finding suggests that no microalgae inoculum is necessary to start up a microalgae-bacteria system. The accumulation of lipids in the microalgae biomass was observed. 
